The influence of the neighbouring atomic-columns in determining the composition at atomic column scale of quaternary semiconductor compounds, using simulated HAADF-STEM images is evaluated. The InAlAsSb alloy, a promising material in the photovoltaic field, is considered. We find that the so called 'crosstalk' effect plays an important role for the aimed compositional determination. The intensity transfer is larger from neighbouring atomic columns with higher average Z, and towards atomic columns with smaller Z. Our results show that in order to obtain precise information on the column composition, the HAADF-STEM intensities of both columns need to be taken into account simultaneously.
Introduction
HAADF-STEM has been extensively used in the last years to obtain structural and compositional information of materials at subangstrom level because the intensity in HAADF-STEM images can be correlated to the Z number of the atoms in the material (Kret et al., 2001; Molina et al., 2011; Grieb et al., 2012; Pantzas et al., 2012) . Grain boundaries (Ceh et al., 2003) , precipitates (Pyrz et al., 2008) structural defects (Ross et al., 2014) and interfaces (Han et al., 2017) have been successfully analysed using this technique. Even light elements such as N and C at the GaN-SiC interface can nowadays be imaged by HAADF-STEM . This technique has also been used for the study of semiconductor materials, where the compositional distribution at atomic level plays an important role in their optoelectronic properties (Muraki et al., 1992; Bellaiche & Zunger, 1998; O'Reilly et al., 2015; Horton & Moram, 2017) . Obtaining quantitative information on the composition of these semiconductor designs from Tel: +34 667 703 682; e-mail: nuria.balades@uca.es HAADF-STEM images is not straightforward because parameters such as the thickness of the specimen have a strong effect in the intensity (Dwyer et al., 2010) . Because of this, several methodologies have been developed recently to address this problem in ternary semiconductors grown on binary substrates and have been successfully applied (Grieb et al., 2011; Molina et al., 2011; Grieb et al., 2012; Kauko et al., 2013; Pastore et al., 2013) .
The quantitative analysis of the composition in quaternary semiconductor compounds by HAADF-STEM is more complex because of the so called crosstalk effect. Crosstalk occurs when part of the probe that illuminates an atomic column is scattered to the ones nearby, channelling around them and increasing their signal (Klenov & Stemmer, 2006; E et al., 2013) . For that reason, the intensity in HAADF-STEM images is not only controlled by the probe shape and noise levels, but it is also sensitive to the probe propagation through the specimen. Because of this, the intensity in the HAADF-STEM image of an atomic column depends on the composition of the columns around it. In quaternary semiconductor alloys, the two atomic columns in a dumbbell can have any combination of compositions, therefore finding the composition of each atomic column is a challenging task. Different approaches have been investigated to solve this problem. Grillo et al. (2001) combined lattice strain measured from high-resolution transmission electron microscopy (HRTEM) images with the intensity of the chemical sensitive (002) reflection from dark-field (DF) images to carry out compositional analysis of InGaNAs/GaAs heterostructures. However, this method is restricted to systems with high degree of lattice mismatch. Tilli et al. (2014) by using single X-ray diffraction (XRD) and the intensity of the (002) DF reflection, determined the composition of a GaAsPN layer grown on GaP substrates, but the results revealed that the method overestimates the As and N content. Grib et al. (2014) evaluate In and N concentration in InGaNAs quantum wells by combining maps of the stress state analysis (SSA) from HRTEM and the intensity from HAADF-STEM images, but they did not detect local changes in composition that could explain the shift observed in the PL studies. Due to this situation, additional strategies are needed for the analysis of the composition in quaternary semiconductor materials.
An example of these quaternary semiconductor compounds is the InAlAsSb alloy, which has been considered in the last years in the attempts of expanding the band-gap range in solar cell applications. In particular, InAlAsSb latticed matched to InP can be used as top layer in 3-junction concentrator cell systems expected to achieve ultrahigh efficiency in conversion of light. This is due to its theoretical band-gap which ranges from 1.45 to 1.8eV (Gonzalez et al., 2013) . Previous photoluminescence (PL) studies of this quaternary layer revealed a red-shift in the peak emission energy as a function of the incident power density, together with a significant deviation from its expected band-gap (Hirst et al., 2015) . These results suggested spatially indirect recombination related to compositional fluctuations in the material. Different analysis by aberration corrected HAADF-STEM techniques of InAlAsSb layers have been carried out so far. Baladés et al. (2017) did not find significant intensity fluctuations in the atomic columns faraway from those found in the InP substrate. The authors attribute this to a possible averaging of 3D small composition fluctuations through the foil thickness in specimens prepared following the classical procedure. Hirst et al. (2017) found variations in the atomic column intensity ratios suggesting rows of column pairs with high Sb composition forming elongated clusters along the 101 and 101 crystal axes. For this, ultrathin sample lamellae were prepared using a specifically adapted process flow. It is worth highlighting that the authors found evidence of the existence of crosstalk, as a significant dependence of the atomic column intensity ratio on thickness. As the crosstalk is a limiting factor in the quantification of the atomic column composition in these quaternary materials, it needs to be analysed.
The aim of this work is to evaluate the influence of the crosstalk effect in the determination of the composition at atomic scale of quaternary semiconductor compounds from HAADF-STEM simulated images. In particular, we have considered the InAlAsSb quaternary alloy because of its promising properties in the photovoltaic field. A methodology for the accurate quantification of the composition in quaternary materials using HAADF-STEM is proposed.
Simulation details
We have simulated HAADF-STEM images of four III-V ternary semiconductor materials lattice-matched to InP: InAs 1-y Sb y , AlAs 1-y Sb y , In x Al 1-x As, In x Al 1-x Sb. Different In(x) and Sb(y) compositions have been computed, in particular 0, 0.2, 0.5, 0.8 and 1. We have also simulated images of the quaternary semiconductor In 0.31 Al 0.69 As 0.82 Sb 0.18 lattice-matched to InP, as it is a composition considered in experimental works (Gonzalez et al., 2013; Baladés et al., 2017 respectively. The lattice parameters have been calculated as a linear interpolation between the values of the binary compounds (InAs, AlAs, InSb and AlSb) using Vegard's law. The strain in the material due to the lattice mismatch between the layers and the substrate has been introduced. For this, a continuous model of the structure is created using the COMSOL software and the atomic displacements due to the strain are calculated using FEM. Then, this continuous model is mapped with the atomic positions, and the coordinates of each atom are modified considering the displacement calculated by FEM. Two different sampling values of 27 and 81pixel nm -1 have been used. All simulations are referred to the virtual crystal approximation.
The simulated HAADF-STEM images of these alloys have been obtained using SICSTEM simulation software (Pizarro et al., 2008) , which uses a parallel implementation of the multislice method (Kirkland, 2010) . SICSTEM runs on the CAI cluster and allows image simulation of large supercells within a reasonable time. The overall simulation process to simulate a 759 × 760 pixels resolution HAADF-STEM image from a model with approximately 164 000 atoms is around 12 h. The input to SICSTEM software is a supercell described as a set of <X, Y, Z> coordinates for atom positioning, the composition, the site occupancy, the Debye-Waller factor (DW) and the characteristics of the microscope. In this work we used a local TDS absorptive potential approach to include TDS in the calculation of the intensity in the object exit plane (Pizarro et al., 2008) . The simulation settings are summarised in Table 1 . The integrated intensities around atomic columns in the simulated HAADF-STEM images have been measured using the quantitative HAADF image analysis algorithm (qHAADF) software from HREM Research Inc (Galindo et al., 2014) , running in the TEM image analysis software Digital Micrograph (GATAN TM ).
Results and discussion
In order to investigate the influence of the crosstalk in the HAADF-STEM images, the intensity of atomic columns of equal composition for cases where the neighbouring atomic column has different compositions is compared. For this, image simulations of the ternary alloys constituents of the quaternary InAlAsSb have been computed, in particular InAsSb, AlAsSb, InAlAs and InAlSb. Figure 1 (A) shows an example of the HAADF-STEM simulated images considered in this work. In particular, this image corresponds to In 0.8 Al 0.2 As, with a thickness of 30 nm, and the image has been obtained with a sampling of 81 pixel nm -1 . With the aim to correlate the intensity in the atomic columns to the composition, all images have been normalised with respect to the maximum and minimum intensity values found in the studied series. The intensity around the columns has been measured using the qHAADF method (Galindo et al., 2014) . For this, the first step is locating the position of the atomic columns through the intensity maxima in the image. As it can be observed in Figure 1 (A), the dumbbells are clearly resolved in the image and two intensity maxima are easily distinguishable. For clarity, a detail of one of the dumbbells is included in Figure 1 (B), and the intensity maxima in this dumbbell are marked with black dots. Figure 1 (B) also shows an intensity profile taken along the blue line in this dumbbell. This profile allows distinguishing the group III and V atomic columns, as they have different effective nuclear charge Z eff (Z eff III = 44.2 and Z eff V = 33) and therefore different intensity (Walther, 2006) . At this point, it is very important verifying whether the two intensity maxima found in the profiles give a good estimation of the real position of the atomic columns. In order to test this, we have included in the detail of the dumbbell of Figure 1 (B) red and blue dots indicating the real position of the III and V atomic columns, respectively. As it can be observed, the deviation of the intensity maxima from the real position of the atomic columns is around one pixel, which corresponds to 0.012 nm. This shows that considering the intensity maxima as the position of the atomic columns is a reasonable approximation in order to measure the HAADF intensity in simulated and experimental images to obtain the composition in the atomic columns.
It should be mentioned that the sampling of the HAADF-STEM images has a strong effect on the detection of the intensity maxima and thus, on finding the position of the atomic columns. Figure 1(C) shows a HAADF-STEM image of the same material as in Figure 1 (A) but obtained with a reduced sampling of 27 pixel nm -1 . As it can be observed in the detail of the dumbbell in Figure 1(D) , two clear intensity maxima corresponding to each atomic column are not found, and only one peak is detected, marked with a black dot. This is more clearly seen in the intensity profile with the red line of Figure 1(D) , where only one maximum is found, due to a smaller intensity range given by the undersampling. Our results indicate that care should be taken in the selection of the sampling in both experimental and simulated images, if a detailed analysis of the intensity is needed. Although computing simulated images at 81 pixel nm -1 takes approximately 60 h more than the same images at 27 pixel nm -1 and can only be carried out in computer clusters, the extra effort may be necessary to obtain reliable results. The computing time could be further reduced by reducing the size of the simulated images, as boundary artefacts normally affect only up to few atomic columns at the edge of the image. In the following, we will use images with sampling 81 pixel nm -1 . Once peaks of intensity maxima (atomic columns) are found in the images, the intensity around the atomic columns is measured. For this, a region around these peaks needs to be selected. Molina et al. (2009) showed that, in order to reduce the background intensity, it is reasonable selecting an area that avoids the region in between the two atomic columns of the dumbbell with an integration radius 1/3 of the columns distance, to show the best trade-off between signal and noise. Hence, in this work we have selected the region marked with a yellow rectangle in the dumbbell in Figure 1 (B) to integrate the intensity corresponding to the group III atomic columns, and an analogous region for the group V columns. In order to obtain an intensity value representative of each image, we have repeated this measurement for every dumbbell in each simulated HAADF image of the different ternary alloys considered, and two statistical parameters are calculated: the mean and the standard deviation.
Figure 2(A) shows the average normalised HAADF-STEM intensities obtained from simulated images of InAsSb and AlAsSb, measured around the group III atomic column versus Sb composition. A linear regression of the data is included for clarity. As the composition of the group III atomic columns is fixed in both cases, in absence of crosstalk the intensity in these columns would be constant when varying the group V composition, so a horizontal line would be expected in this graph. However and as it can be clearly observed, an increase in the intensity measured around the group III atomic column (In and Al, respectively) is obtained when modifying the composition of the group V atomic column (As-Sb). This result clearly shows the strong influence of the composition in the neighbouring column in the HAADF intensity of the group III columns, that is, the existence of crosstalk. In addition, these graphs show that this effect is stronger when the neighbouring columns has a larger average Z number, as the intensity in the graphs in increased for higher Sb composition. The Z number has been found to have a strong effect in the propagation of the electron beam through the atomic columns (Hillyard et al., 1993) . In particular, a high-intensity transfer from heavy Er columns into the background has been experimentally observed in ErAs/In 0.53 Ga 0.47 As/GaAs layers, whereas the background in the In 0.53 Ga 0.47 As region was of much lower intensity (Allen et al., 2003; Klenov et al., 2005; Odlyzko et al., 2016) . These experimental findings show the large capability of high Z number atoms to transfer the intensity from the electron beam, in good agreement with our results. The graph in Figure 2 (A) also suggests that the intensity transfer is more pronounced towards atomic columns with smaller Z number, as the slope is larger for AlAsSb (Z Al = 13) with m AlAsSb = 0.20 than for InAsSb (Z In = 49) with m InAsSb = 0.12. Similar results are found in the analysis of the effect of the group III atomic columns on the group V ones, shown in Figure 2 (B). As it can be observed, for fixed group V composition (100% As or 100% Sb) the intensity in these group V atomic columns increases for increasing In composition. In this case, the slope is similar in InAlAs and in InAlSb (m = 0.278 vs. m = 0.276, respectively), as both group V atoms have large Z number (Z As = 33, Z Sb = 51) and more similar than in the previous case.
The results obtained from the HAADF simulated images show that considering the crosstalk is important in the quantification of the composition using the intensity of HAADF images. As this is a complex task in quaternary semiconductor materials, a first approach could be ignoring the crosstalk effect, and considering the material as a ternary alloy. Thus, the quaternary InAlAsSb could be considered as either InAlSb or InAlAs in the study of the composition of the group III atomic columns. In order to assess the magnitude of the error that would be introduced in this case, Figure 3(A) shows the HAADF intensity measured around the group III atomic columns versus In composition, for the case when the group V atom is 100% As and for the case when it is 100% Sb. As expected, regression line corresponding to InAlSb shows higher intensity with respect to InAlAs due to the higher Z of Sb regarding As. According to this graph, a value of intensity in the group III atomic column of 0.31 for example would correspond to 0% In if InAlSb is considered and to 25% In if the material is approximated to InAlAs. This is a large difference that invalids this procedure for obtaining reliable results. Similarly, Figure 3(B) shows the HAADF intensity measured around the group V atomic columns versus Sb composition, for the case when the group III atom is 100% In and for the case when it is 100% Al. As it can be observed, the intensity lines in this case do not even cross each other, showing the remarkable differ- ence in intensity between InAs 1-y Sb y and AlAs 1-y Sb y found due to the crosstalk effect. Our results exhibit that the crosstalk cannot be ignored in the interpretation of HAADF-STEM images and that a specific methodology should be used for the correlation of the HAADF intensity and the composition in quaternary semiconductor materials. Figure 4 shows 3D representations of the evolution of the intensity in the group V (A) and the group III (B) atomic columns of the In x Al 1-x As 1-y Sb y /InP alloy versus the composition in both atomic columns x and y. These graphs have been built extrapolating the intensity lines of the simulated HAADF images of the ternary alloys computed. As it can be observed in both graphs, the same value of intensity can be obtained in a specific atomic column for different pairs of values of composition x and y. For example, the same intensity is obtained in the group V atomic Figure 4 (B). This makes unfeasible obtaining a direct relationship between intensity and composition in independent atomic columns in quaternary alloys. However, this can be solved by considering simultaneously the intensity in the group III and group V atomic columns. Thus, for a given pair of values of intensity of the group III and V atomic columns in a specific dumbbell, there is only one possible pair of values of composition x and y that would be able to produce them. In order to test the accuracy of the model in determining columns composition, we have simulated HAADF images corresponding to the quaternary material In 0.31 Al 0.69 As 0.82 Sb 0.18 . We have measured mean normalised integrated intensity values in the group III and group V atomic columns, and included these values in the graphs in Figures 4(A) and (B) to calculate the composition (red dots). We have found that the relative error in determining column composition using this procedure for simulated images is less than 3%; this value corresponds to the maximum relative error from x/x and y/y. In this way, our results based in simulated images show that, in principle, the composition of quaternary semiconductor alloys could be calculated from atomic column resolution HAADF images despite the existence of the crosstalk effect.
In order to carry out the proposed methodology experimentally to measure the composition in quaternary alloys, initially reference images of the constituent binaries or ternaries compounds need to be acquired at the same operating conditions and with the same thickness as the investigated material. The background level has to be removed from the experimental images and the intensity in the whole image need to be normalised with respect to the highest intensity value (LeBeau & Stemmer, 2008; Rosenauer et al., 2009) . Then, integrated normalised intensities of the projected atomic columns have to be measured and mapped following a procedure similar to the one described for the simulated images. The methodology proposed is analogous to what Molina et al. (2009) did experimentally in their reference publication in 2D for the ternary InAs z P 1-z . The extension of this methodology to quaternary semiconductor materials may be more complicated because the increase in the amount of experimental measurements needed in order to obtain the reference data increases the errors in the calculations, and therefore very small composition fluctuations may not produce significant intensity variations. However, it could open the door for the analysis of possible clusters with size of few atomic columns (Chen et al., 2004; Wu et al., 2006; Hirst et al., 2017) or composition fluctuations of larger magnitude (Semenov et al., 2005; Albarran et al., 2008; Hirst et al., 2015) that are still limited to be investigated by other techniques.
Conclusions
Several methodologies have been previously used for quantifying the composition in ternary semiconductor materials from HAADF images. However, this analysis is limited in quaternary semiconductors because of the crosstalk effect. In this work, the influence of the crosstalk in the determination of the atomic column composition in quaternary semiconductor materials is evaluated using HAADF simulated images. For this, the novel material InAlAsSb/InP has been considered, as it is very promising in solar cell applications. We have found a strong effect of the composition in the group III (V) atomic column on the HAADF intensity measured in the group V (III) atomic column, corroborating the importance of the crosstalk effect. The intensity transfer has been found to be larger from neighbouring atomic columns with higher average Z, and towards atomic columns with smaller Z. Ours results also disclosed that, when trying to quantify composition using images with resolved cation and anion subnets of zinc-blende structures, measuring the HAADF intensity of both atomic columns in a dumbbell simultaneously is essential in order to obtain reliable information on the composition quaternary semiconductor III-V materials. The results obtained in this study can be generalised for other III-V semiconductors, although the magnitude of the cross-talk is expected to be different depending on the nature of the III-V atoms.
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